
Simulations of high-gain shock-ignited inertial-confinement-fusion implosions
using less than 1 MJ of direct KrF laser energy

Jason W. Bates∗,a, Andrew J. Schmitta, David E. Fyfeb, Steve P. Obenschaina, Steve T. Zalesaka

aPlasma Physics Division, U.S. Naval Research Laboratory, Washington, DC 20375
bLaboratory for Computational Physics and Fluid Dynamics, U.S. Naval Research Laboratory, Washington, DC 20375

Abstract

In this paper, we report on recent numerical simulations of inertial-confinement-fusion (ICF) implosions using the
FAST radiation hydro-code at the U.S. Naval Research Laboratory. Our study focuses on three classes of shock-
ignited target designs utilizing less than 1 MJ of direct KrF laser energy, which was “zoomed” to maximize the
coupling efficiency. In the shock-ignition approach [R. Betti, C.D. Zhou, K.S. Anderson, et al., Phys. Rev. Lett. 98,
155001 (2007)], a moderate-intensity, compressive laser pulse is followed by a short-duration high-intensity spike that
launches a spherically-convergent shock wave to ignite a thick shell of compressed fuel. Such an arrangement appears
to offer several significant advantages, including a low ignition threshold, high gain, and less susceptibility to the
deleterious effects of hydrodynamic and laser-plasma instabilities. According to one-dimensional simulations, fusion
gains over 200 can be achieved with shock-ignited targets using less than 750 kJ of laser energy. This represents
a significant improvement in performance over conventional centrally-ignited designs. To examine the stability of
these targets, several two-dimensional simulations were also performed that incorporated realistic perturbation sources
such as laser imprinting and roughness spectra for inner/outer pellet surfaces. Although the simulations indicate that
appreciable low-mode distortion of the fuel shell can occur at late time as a result of these perturbations, high gains
are still achieved in many cases owing to the low in-flight aspect ratios of shock-ignited targets. We should remark,
though, that the high convergence ratios of these same designs suggest that other sources of low-mode asymmetries,
which were not considered in this study (e.g., beam misalignment and energy-balance errors), may be important
in determining overall pellet stability and performance. We discuss these issues, as well as other salient design
considerations for shock-ignited ICF targets.
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1. Introduction

The standard direct-drive approach to inertial
confinement fusion (ICF) involves illuminating a
millimeter-size pellet containing a frozen mixture of
deuterium and tritium (DT) with many intense beams of
laser light. The energy deposited by the lasers rapidly
ablates the outer surface of the spherical pellet, which
compresses the underlying DT fuel and accelerates it
inward to high velocity via the “rocket effect” [1]. Sub-
stantial nuclear fusion reactions can occur if, upon stag-
nation, the compressed fuel shell achieves a density on
the order of 1000 times that of solid DT and the temper-
ature of the central hot-spot reaches several thousand
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electron volts [2]. To overcome the low overall efficien-
cies inherent in ICF scenarios, the energy gain of an im-
plosion must (on average) exceed a value of 100 for any
commercial application of fusion power to be practical
economically. Previously, it was estimated that a few
megajoules of laser energy were required to satisfy this
requirement [3]. A novel variation of the direct-drive
scheme known as shock ignition [4, 5], however, sug-
gest that high fusion gains may be possible for signifi-
cantly lower laser energies.

In conventional direct-drive designs, the high-
intensity portion of the laser pulse performs the double
duty of both compressing the fuel to large density and
forming the central hot spot that triggers ignition. To
do this, the fuel shell must be driven inward at high
velocity (typically 350 − 400 km/s). In contrast, the
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laser pulse for shock-ignited targets is designed to sep-
arate the compression and ignition stages of the implo-
sion by using a moderate-intensity pulse followed by a
short-duration high-intensity spike. The latter launches
a spherically-convergent shock wave into the target to
ignite the core of compressed fuel. Because the im-
plosion velocity of the shell is significantly less than
that required for conventional central-hot-spot ignition
(∼ 250 km/s), thicker targets containing more fuel mass
can be assembled for the same kinetic energy. In theory,
this allows for the possibility of achieving high gains at
low driver energies, provided ignition occurs.

To explore the utility of the shock ignition approach
for direct-drive laser fusion, a numerical study was
recently conducted at the U.S. Naval Research Lab-
oratory (NRL) employing the multidimensional “rad-
hydro” code known as FAST [6]. This code models the
physical processes relevant to ICF pellet implosions by
solving the equations of radiative hydrodynamics, in-
cluding the effects of laser absorption, nonlinear ther-
mal transport, and thermonuclear burn. Using FAST,
three classes of shock-ignited targets were designed
that achieve one-dimensional fusion-energy gains in the
range ∼ 100 − 200 using less that 1 MJ of direct KrF
laser energy (see Fig. 1). It is important to note that
such high gains are due in part to the unique capabilities
of KrF drivers, which offer at least two significant ad-
vantages over Nd:glass lasers. First, the deep ultraviolet
wavelength of KrF laser light (0.248 µm) enhances per-
formance through increased absorption in the coronal
plasma surrounding the target. Second, the flexible fo-
cussing capabilities of KrF drivers permit the laser spot
size to be “zoomed” twice during the implosion. Zoom-
ing means that the laser spot is reduced in size to more
closely match that of the critical surface. This has the
beneficial effect of minimizing the refractive losses by
keeping the laser energy near the ablation surface and
contributes to higher gains through improved coupling
efficiencies.

The organization of this paper is as follows. In the
next section, we present the details of the sub-MJ tar-
gets that were developed recently at NRL and explain
the features of the KrF-laser pulses that were used to
implode them. We also review in Sec. 2 the basic de-
sign procedure for shock-ignited pellets, which begins
with an initial tuning of the laser pulse without the ig-
nition spike being present. Once this is accomplished,
the spike is added to the pulse shape and its parameters
are systematically varied to find the combination that
result in the highest gain — a process that usually re-
quires the completion of hundreds of one-dimensional
simulations for each class of designs. We discuss this
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Figure 1: Results of one-dimensional simulations showing the fusion
energy gain as a function of KrF laser energy for three classes of
shock-ignited target designs. As explained in the text, the scale-1 tar-
get (red circles) serves as the baseline design in this study; the other
two classes of pellets have total masses that are two and five times
larger.

parameter search and show examples of the mutidimen-
sional phase space that results. To examine the stabil-
ity of these targets in the presence of realistic pertur-
bation sources such as laser imprinting and roughness
spectra for inner and outer pellet finishes, some two-
dimensional simulations were also conducted, the re-
sults of which appear in Sec. 3. Finally, in Sec. 4, we
state the conclusions of this investigation and briefly de-
scribe topics of interest for future work on shock-ignited
targets. The reader should note that all three of the de-
signs considered here were introduced previously in a
different publication [7]. In that paper, however, only
the properties of the smallest pellet were analyzed in de-
tail. Here, our focus is on presenting some previously-
unpublished simulation results for the two larger target
classes.

2. Three Classes of Sub-MJ Shock-Ignited Designs

In this section, we describe three classes of shock-
ignited targets that have been designed at NRL for KrF
lasers. We use the term “class” in this paper to refer to
a pellet of fixed size and composition, which is illumi-
nated by a series of laser pulses with varying power and
temporal parameters. The pellets differ in size and mass,
but all three share the same basic material cross-section,
a cutaway sketch of which appears in Fig. 2. The core
of the pellet, which has a radius R1, is filled with DT va-
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Figure 2: Generic cross-section of a shock-ignited pellet. The formula
CH(DT )6 denotes a 100 mg/cm3 foam ablator wicked with DT and
frozen. The shell dimensions R1, R2, and R3 for each design class are
listed in Table 1.

por at a density of 0.20 mg/cm3. Surrounding this core
are two shells of solid material with dimensions R2 and
R3. The first shell is a DT “ice” layer with a density of
0.25 g/cm3, and the second is a 100 mg/cm3-foam ab-
lator into which DT has been wicked and frozen. The
wicked foam, which is abbreviated as CH(DT )6, has an
overall density of 0.33 g/cm3. In reality, there will also
be a very thin (∼ 5 µm) coating of polystyrene (CH) on
the outer surface to provide structural integrity for the
pellet and to act as a vapor barrier for the DT contained
within; this layer is not expected to alter appreciably
the performance of an implosion and is ignored here for
computational simplicity. As shown in Fig. 1, the three
designs utilize about 240, 400, and 730 kJ of direct KrF
laser energy and according to one-dimensional simula-
tions, achieve peak fusion gains of approximately 100,
140, and 210, respectively. These results are tabulated
in Table 1, along with the radii R1, R2, and R3 of each
material shell for all three designs.

The smallest target, which belongs to the scale-1
class, has a total mass of about 0.58 mg, and serves as
the baseline for this investigation. As mentioned in the
previous section, a detailed description of this target —
as well as an analysis of its two-dimensional stability
properties — has already been presented elsewhere [7].
The names of the two other classes, scale-2 and scale-5,
are derived from the fact that their masses are two and
five times larger, respectively, than that of the scale-1
design. (Note that the outer radii of the two larger tar-
gets vary approximately as mass to the one-third power.)

Parameter Scale-1 Scale-2 Scale-5

Pellet mass (mg) 0.58 1.17 2.89

R1 (µm) 512 640 871

R2 (µm) 237 300 407

R3 (µm) 108 136 177

Initial aspect ratio 2.48 2.47 2.49

Convergence ratio 64 65 63

Peak velocity (km/s) 286 260 220

Laser energy (kJ) 243 398 727

Highest gain 101 143 210

Table 1: Parameters for the three classes of shock-ignited pellets. The
entries for convergence ratio, peak velocity, and laser energy in each
design class correspond to the target that produced the highest gain.

Despite their size and mass differences, though, all three
pellets were constructed to have roughly the same initial
aspect ratio (R1 + R2 + R3)/(R2 + R3) ' 2.5, which is
significantly less than values associated with centrally-
ignited designs [8]. Such low aspect ratios are a desir-
able property of direct-drive ICF targets since they im-
ply a greater fuel-shell thickness to resist the deleterious
effects of hydrodynamic instabilities during the implo-
sion process.

In addition to lower aspect ratios, shock-ignition de-
signs differ from their centrally-ignited counterparts in
the shape of the laser pulses used to drive them. This
difference is illustrated in Fig. 3, which shows a plot of
the laser power versus time for the two schemes. The
shock-ignition pulse is comprised of four basic compo-
nents: a picket, a foot, the main drive, and an ignition
spike, and is based on a profile proposed by Betti and
coworkers [9]. For all of the target designs considered
in this study, the laser pulse possesses the same basic
structure as the one shown in Fig. 3, albeit with differ-
ent power levels, temporal parameters, and total energy.
We should point out that within each class of designs,
the laser profiles are generally identical up until the start
of the main drive section of the pulse It is the variation
of the start time, power level, and duration of the main
drive and ensuing ignition spike that account for the dif-
ferences within each design class. As we shall see, high
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Figure 3: Plot of laser power versus time for one of the pulse shapes
from the scale-5 design category (black curve). The pulse is based
on a “double power-law” design by R. Betti [9] and is comprised of
four distinct components: a picket, a foot, the main drive, and an ig-
nition spike, whose various functions are explained in the text. Note
that the dashed red curve denotes the pulse shape for a conventional,
centrally-ignited target design, which has a main drive with a signifi-
cantly greater power (and intensity) level than its shock-ignited coun-
terpart.

gains can be achieved for a range of pulse parameters,
and in general, the higher the power level (compression)
of the main drive, the lower the spike energy needs to be
to ignite the target.

Let us now turn to an explanation of the function
of each laser-pulse component mentioned above and
briefly describe the tuning process that is required to
achieve high-gain shock-ignited implosions. The first
component of the laser pulse is a leading-edge picket,
which has a Gaussian shape and a fixed width of about
50 ps; its role is to rapidly compress and then rarefy the
ablation layer of the pellet, and in so doing, it estab-
lishes an adiabat profile with a spatial variation that is
high near the outside surface of the target, and low near
the DT fuel. Such an arrangement is advantageous in
that it helps to stabilize the implosion with respect to
the ablative Richtmyer-Meshkov and Rayleigh-Taylor
instabilities [10, 11]. After a quiescent period lasting
for several nanoseconds, the laser power rises to form
the foot pulse, whose amplitude is designed to launch
a few-megabar shock wave into the target and set the
adiabat to a value between 1 and 2 in the fuel layer; the
start time of the foot pulse is chosen so that the shock
it generates breaks out of the inner DT surface simul-
taneously with the one from the picket. Eventually, the
foot pulse rises smoothly (according to a double power

(a) Spike width: 160 ps

(b) Spike power: 1530 TW

Figure 4: Examples of fusion-energy gain contours for a shock-ignited
target. The gain of a target implosion is a function of many parameters
and is especially sensitive to the power, duration, and launch time
of the ignition spike. The two plots shown in this figure are two-
dimensional “slices” through the three-dimensional space formed by
the variation of these three quantities. Gain contours are plotted as
a function of spike launch time versus (a) spike power and (b) spike
width. Both examples are for a scale-5 design with a main-drive power
of 210 TW.

law [9]) over a period of many nanoseconds to reach the
main drive. The criteria used to set the amplitude and
rise time for this section of the laser pulse are twofold.
First, the power level is chosen to accelerate the target to
a velocity of about 250 km/s, which is not high enough
to produce a sufficiently-hot central spark to trigger ig-
nition. Then, the time at which the pulse reaches the
main drive is varied iteratively to produce the highest
compression as measured by the peak density, pressure,
and areal mass of the non-ignited pellet. Note that the
maximum intensity that occurs during the main drive is
fairly low — about 1.5 × 1015W/cm2. Once the tuning
of the main drive is complete, an ignition spike is added
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Parameter Scale-1 Scale-2 Scale-5

Picket power (TW) 36.3 64.0 161

Start of foot (ns) 2.35 3.60 5.75

Foot power (TW) 1.07 1.70 3.11

Start of main drive (ns) 10.7 14.3 20.6

Main drive power (TW) 95 110 120

Start of spike (ns) 11.9 16.0 23.3

Spike power (TW) 350 500 450

Spike width (ps) 250 250 500

Zooming fractions (%) 63/41 63/41 64/46

Peak Intensity (PW/cm2) 14 10 5.9

Table 2: Laser-pulse parameters that resulted is the highest gain for
each class of shock-ignited target designs.

to the end of the pulse profile. The three parameters
that characterize the spike — its temporal width, power
level, and start time — are then varied systematically
by performing numerous one-dimensional simulations
to generate gain contours, examples of which are pre-
sented in Fig. 4.

In addition to varying the parameters of the ignition
spike, we also examined in this investigation the con-
sequences of tuning the main-drive portion of the laser
pulse. As a rule of thumb, the power level of the main-
drive was selected in the initial stage of a design to pro-
duce an implosion velocity of roughly 250 km/s in the
absence of the ignition spike. In some cases, however,
higher gains were obtained for somewhat lower veloc-
ities. This was true, for example, in the scale-5 target
design, which achieved a peak gain of 210 for an implo-
sion velocity of only 220 km/s (see Table 1). Details of
the laser pulse shapes that resulted in the highest gain
for each design class are presented in Table 2.

Another important feature of the laser drive in this
study is optical zooming, which is done twice during the
pellet implosion. The first time a zoom occurs is at the
start of the main drive, when the diameter of the critical
surface is reduced to about 63% of its original size; the
second time that the laser spot is zoomed is just as the
ignition spike begins, when the critical-surface diameter

is approximately 41% of the initial value. Zooming of
the laser pulse is beneficial in that it helps to increase the
coupling efficiency and generally leads to higher gain,
but it also can exacerbate another issue: the high in-
tensity levels inherent in shock-ignition schemes. With
zooming, the intensity of the laser spot during the spike
can reach values as high as 5× 1016W/cm2. This is well
above the threshold for laser-plasma instabilities such
as stimulated Brillouin and Raman scattering and two
plasmon decay — even for the short wavelength of KrF
laser light modeled in this investigation.

The occurrence of laser-plasma instabilities in ICF
targets has several undesirable consequences. These
include a reduced absorption efficiency (due to an in-
crease of reflected and scattered laser light) and the
generation of super-thermal (“hot”) electrons. In con-
ventional centrally-ignited targets, hot electrons are ex-
tremely deleterious to the implosion process because
they penetrate and heat the fuel shell, which reduces
the final compression, and potentially spoils ignition. In
shock-ignited designs, the situation is somewhat differ-
ent in that the high-intensity portion of the laser pulse
occurs only near the end of the implosion. At that late
time, the areal density of the target is rising rapidly due
to shock compression and spherical convergence effects,
and can reach values in excess of 100 mg/cm2. Accord-
ing to recent estimates [12, 13], this is sufficient to stop
100-keV electrons, which only have a ρR-range of about
17 mg/cm2 in DT. We should point out, however, that it
is currently unknown what the precise energy distribu-
tion of hot electrons is, in shock-ignition scenarios, and
no attempt has been made to model the effects of their
production or transport in any of the simulation results
presented here.

3. Examples of Two-Dimensional Simulations

In this section, we explore the sensitivity of shock-
ignited targets to realistic perturbation sources, includ-
ing roughness spectra for inner and outer pellet finishes,
as well as laser imprinting. Such perturbations are an
important consideration in any ICF target-design pro-
cess since they can grow to sufficient amplitudes during
the implosion (due to the ablative Richtmyer-Meshkov
and Rayleigh-Taylor instabilities) that the fusion energy
gain is significantly reduced, or ignition is spoiled al-
together. As an initial attempt to assess the stability
of our shock-ignited pellets under perturbed conditions,
we have performed two-dimensional simulations using
the FAST code, examples of which are shown below for
the scale-2 and scale-5 designs. We remind the reader

5



1 10 100 1000
mode number

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

P
o
w

e
r 

(n
m

2
) Inner

Outer

!

Figure 5: “NIF-like” power spectra of outer and inner surface pertur-
bations. The outer surface spectrum (blue curve) is highly peaked at
the lowest mode numbers (longest wavelengths) and has 90% of its
power in modes ` <∼ 10. In contrast, the bulk of contributions for in-
ner surface perturbations (red curve) come from modes 10 <∼ ` <∼ 200.
Note that the ` = 1 mode was not seeded for either perturbation in our
simulations.

that a stability analysis of the scale-1 target has already
been presented in Ref. [7].

The power spectra for inner and outer surface pertur-
bations that were used in this study are plotted in Fig. 5
as a function of spherical mode number `. Note, how-
ever, that the ` = 1 mode was not seeded in any of our
simulations. The curves in this figure were generated
using a “NIF-spec” surface-finish standard [14, 15], but
with the outer perturbation spectrum altered to have
smaller amplitudes at low modes (` ≤ 4). Even with this
modification, though, the spectrum is still highly peaked
at the lowest mode numbers (longest wavelengths), and
has 90% of its power in modes 2 <

∼ `
<
∼ 10. The mode

amplitude r`m has the analytical form:

r`m(nm) =

{
102 − 4.8 (` − 1.8) 2.4 ` < 5
9600 `−3.39 + 2.4 `−0.78 ` ≥ 5. (1)

In contrast, the bulk of contributions for inner surface
perturbations come from a much broader range (2 <∼ ` <∼
100), and are modeled by the expression

r`m (nm) =
1000

3 ` 0.6 + 2.2 × 10−7 ` 4 . (2)

Note that the curves appearing in Fig. 5 are the two-
dimensional power spectra P2D for the mode amplitudes
given above, where P2D = (2 `+1) 2 r 2

`m/4 π. We should
also point out that the standard, net root-mean-square
amplitude for outer perturbations is 1/8 µm in CH. Since

we have ignored the CH cover layer in our simulations,
however, we scale this value to find the equivalent per-
turbation (in an areal-mass sense) for the DT-wicked
foam. This is done by multiplying the original ampli-
tude by the density ratio of the two materials, which
yields 1/8 µm × (1.07/0.33) = 0.41 µm. The net root-
mean-square amplitude for inner perturbations is nomi-
nally 1 µm.

Let us now examine the results of some two-
dimensional FAST simulations that were run using the
above surface-roughness spectra, as well as a model for
induced-spatial-incoherence (ISI) laser non-uniformity
of 300 overlapped beams with a bandwidth of 1 THz
[16, 17]. The computational grid for our calculations
used between 840 and 1000 points in the radial direc-
tion and 2048 points in polar angle from pole-to-pole,
so that modes with ` = 2 − 512 were resolved (as-
suming 8 points per wavelength are sufficient to do
so). These high-resolution simulations typically re-
quired several days of run time to complete using 32
nodes of a distributed-memory computing facility at
NRL, in which each node is comprised of dual, quad-
core, Intel Xeon processors.

The results of our first high-resolution simulation are
presented in Fig. 6. The plots in this figure show the
relative mass density of a scale-2 target at six different
times during an implosion in which all three sources of
non-uniformity were present simultaneously. Although
high-frequency perturbations are visible soon after the
launch of the ignitor shock at t = 16.45 ns, the structure
of the pellet at stagnation (t = 16.94 ns) is clearly dom-
inated by a low-mode distortion (` ∼ 5). Despite the
lack of symmetry at the end of the implosion, however,
the fuel still ignites and significant thermonuclear burn
occurs; the fusion energy gain in this example is 103,
which is a reduction of only 29 % from the maximum
one-dimensional result achieved in the same design cat-
egory (see Table 1).

Additional two-dimensional simulations of shock-
ignited target implosions appear in Fig. 7. In these ex-
amples, only inner and outer surface non-uniformities
were considered and the objective was to determine the
effect of perturbations with amplitudes that were ap-
preciably larger than the nominal values quoted above.
The plots in this figure contain results from three dif-
ferent simulations of scale-5 target implosions, which
are presented at two different times: after the launch of
the ignition shock (top row), and as burn begins (bot-
tom row). The first column of plots corresponds to a
case in which only outer surface perturbations, with a
root-mean-square amplitude of 0.41 µm at the start of
the calculation, were present; the second column show
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Figure 6: Density color plots from a 2D FAST simulation of a scale-2 target implosion. In this example, all three sources of perturbations (outer
and inner NIF-like surface finishes, as well as 1-THz, 300-beam, ISI laser non-uniformity) are present simultaneously. The ignition spike has a
power of 675,TW and a duration of 450 ps. A fusion energy gain of 103 is achieved.

the results of an implosion for an initial amplitude that
was twice that value. In both cases, gains in excess of
175 were achieved using an ignition spike with a power
of 700 TW and a width of 500 ps. The third column
of plots in Fig. 7 shows a simulation with inner surface
perturbations only, but with an amplitude that is initially
three times the NIF standard (3 µm). The distortion of
the pellet is dominated by a higher-frequency perturba-
tion than in the other two cases, which is perhaps not
too surprising given the broad inner-surface spectrum
(see Fig. 5). This pellet also performs well, releasing
over 160 MJ of fusion energy for a gain of 173.

4. Conclusions

In this paper, we have reported on recent numerical
simulations of ICF pellet implosions using the FAST
radiation-hydrocode at NRL. We discussed three classes
of target designs based on a shock-ignition concept pro-
posed by Betti and others [5] for direct-drive laser fu-
sion. All three of the designs considered in this pa-

per utilize less than 1MJ of KrF laser light and achieve
one-dimensional fusion-energy gains between 100 and
200. It is important to note that these results are pred-
icated, in part, on the special properties of KrF laser
drivers, which include a deep ultraviolet wavelength
(0.248 µm) and flexible focussing capabilities. The for-
mer enhances target performance through increased ab-
sorption in the under-dense plasma surrounding the pel-
let, while the latter allows the laser spot to be shrunk
(zoomed) twice during the implosion to the size of the
critical surface. This has the benefit of reducing the
refractive losses and couples more of the laser light
into the target, which minimizes the energy required to
achieve high gains.

For each class of designs considered in this investi-
gation, extensive searches were performed to find the
optimum laser-pulse shape to implode the pellet. This
was done using a one-dimensional version of FAST
and the varied quantities were the spike power, its du-
ration and start time, and the amplitude of the main
drive. Hundreds, and sometimes thousands, of simu-
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Figure 7: Density color plots from a 2D FAST simulation of a scale-5 target implosion. In this example, results from three different simulations are
shown at two different times: after the launch of the ignition shock (top row), and as burn begins (bottom row).

lations were required in each design class to map the
space of fusion energy gain formed by a modest vari-
ation of these parameters. The results of this exercise
indicate that laser-pulse timing and intensity require-
ments are generally within acceptable ranges to achieve
high-gain shock-ignited implosions. Another conclu-
sion from this section of our study is that during the
ignition spike, the pulse intensity reaches sufficiently
high levels that super-thermal electrons likely will be
produced in the corona by laser-plasma instabilities, but
the consequences of this process for shock ignition is
presently unclear. It is possible, for example, that the
areal mass of the target at the final stages of the implo-
sion is high enough that hot electrons are completely ab-
sorbed on the surface of the fuel shell; such a scenario
could actually help to enhance the drive of the ignitor
shock, but further research will be required to elucidate
how energetic and numerous the electrons generated by
laser-plasma instabilities are under shock-ignition con-
ditions. We wish to emphasize that we have not at-

tempted to model the effects of such instabilities in any
of the designs presented in this paper.

To examine the hydrodynamic stability of shock-
ignited targets in the presence of realistic perturbation
sources, some two-dimensional simulations were also
conducted in this investigation using the FAST code.
We considered inner and outer surface irregularities, as
well as broad-band laser non-uniformities. We found
that each perturbation source (considered individually
at its nominal level) resulted in only a modest degrada-
tion of target performance. The first example that we
presented was a scale-2 target implosion in which all
three sources of perturbations were present simultane-
ously. In that case, a fusion energy gain of 103 was ob-
tained, which is only 29 % less than the maximum one-
dimensional value achieved in the same design class.
We also showed results from two-dimensional simula-
tions of the scale-5 target, which included outer and in-
ner surface perturbations with root-mean-square ampli-
tudes that were two and three times higher, respectively,
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Figure 8: Convergence ratios for the three classes of shock-ignited
pellet designs considered in this paper.

than the NIF-spec values. Although the simulations in-
dicate that appreciable distortion of the fuel shell can
occur at late time as a result of such perturbations, high
gains were still achieved in these examples. This is due,
at least in part, to the thicker fuel shells associated with
low-aspect-ratio designs, which are better able to resist
the growth of hydrodynamic instabilities that occur dur-
ing the implosion process.

While a low aspect ratio is a geometric feature that
bodes well for shock-ignited pellets, there is another
physical property of these same designs that may not
be very beneficial for target performance, namely, a
high convergence ratio. Figure 8 show a plot of this
quantity (as measured by the initial pellet radius di-
vided by that of the spark) as a function of laser energy.
Note that the highest-gain pellet in each design class
has a convergence ratio of about 60, which is consider-
ably greater than values typically associated with con-
ventional direct-drive targets. These results imply that
a shock-ignited pellet likely will be more sensitive to
beam misalignment and energy-balance errors than its
centrally-ignited counterpart, since the imploding fuel
shell must converges to a smaller final volume. Such
errors in alignment and energy balance are represented
by low-mode contributions to the laser non-uniformity
spectrum —- perturbations that were not modeled in the
two-dimensional simulations presented in this paper. In
the future, it will be important to address the impact of
these perturbation sources on target performance.
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